v" Systems analysis is explored as a method of evaluating intracranial pressure (ICP). The intracranial cavity is characterized by a transfer function that is evaluated by the blood pressure pulse acting as the system input and the ICP pulse acting as the output. A comparison is made of the ability of systems analysis, volume-pressure test (VPT), and cerebrospinal fluid-pulse amplitude analysis (CSFPAA) to distinguish between an epidural balloon inflation (EBI) and an intraventricular infusion (IVI) at various steady state levels of ICP. The VPT could not distinguish between EBI and IVI at any level of ICP, and above 30 mm Hg the volume-pressure response decreased. Spectral analysis was able to distinguish EBI from IVI above 30 mm Hg, and CSFPAA was demonstrated to be a simplified spectral analysis. Changes in ICP waveform generated during each cardiac cycle appear to be related to changes in vasomotor reactivity and may have value in the clinical monitoring of ICP.
N
EUROSURGEONS are well aware that Simply measuring intracranial pressure (ICP) fails to differentiate those patients with intracranial hypertension who have a benign course from those who may go on to fulminating intracranial hypertension. To differentiate these patients, several investigators 1~,~' have utilized the volume-pressure test (VPT), in which the intracranial system is provoked by the rapid introduction of a small volume of fluid and the immediate change in ICP determined (volume-pressure response, VPR). The test establishes an exponential volume-pressure curve. The slope at a given point on the curve (dP/dV) is taken as a measure of intracranial elastance (E) . ls- 15 The VPT has been reported to have a better correlation with the clinical status of the patient than ICP measurement alone,l~ 19 but has several disadvantages, including increased chance of infection, provocation of deleterious pressure waves, and the necessity for repeated testing during which the presence of a physician is required.
These problems led several investigators to look at the amplitude of the cerebrospinal fluid (CSF) pulse pressure (AP). 1,2,~~ These investigators have applied the theory of the VPT, using the change in cerebral blood volume (CBV) per cardiac cycle (AV) as the rapidly infused volume and assuming AV to be constant. The relationship between mean ICP and corresponding AP should then define the shape of the volume-pressure curve. The method requires a range of data points so that if there is no spontaneous elevation of ICP, ICP must be artificially elevated, usually by jugular compression, which may be hazardous. Close inspection of the theoretical basis of the method reveals a flaw. The/xV is not an instantaneous volume change. It results from arterial inflow and venous outflow, and the temporal relationship between the two. 2 Thus, the entire waveform represents variations in/xV over the period of a cardiac cycle, and AP can be compared only if the shape of the wave remains constant. These objections to the above methods led us to consider the techniques of systems analysis to characterize the intracranial system. The concept of the systems analysis approach is that an unknown system may be characterized by how it responds to a known input signal. If the output signal remains the same over a period of time, the system has not changed; conversely, if the output is altered, then a change in the system can be implied. The intracranial contents can be modeled as an ufiknown system in which the arterial pulse acts as the input signal and the ICP pulse as the output.
To test the validity of this method and to compare it with the VPT and CSF-pulse amplitude analysis (CSFPAA), these methods were evaluated on two obviously different intracranial systems to determine if these methods could distinguish between the two systems at the same mean ICP, thus eliminating the level of ICP as a variable. The two systems chosen were inflation of an epidural balloon (EBI) and intraventricular infusion (IVI).
Materials and Methods
Nine adult mongrel cats weighing between 2.5 and 4.5 kg were anesthetized with 20 mg/kg intraperitoneal pentobarbital. All operative sites and the external auditory canals were infiltrated with 1% lidocaine. Cannulas were placed into the inferior vena cava and abdominal aorta via the femoral route for the administration of drugs and monitoring of blood pressure (BP). After tracheotomy, the cats were paralyzed with a continuous infusion of 0.2% succinylcholine chloride, and were mechanically ventilated.* Temperature was maintained at 37.0 + 0.5~ with a warming blanket. The animal was placed in a stereotaxic frame and the skull exposed by reflecting the scalp and temporal muscles. The skull was trephined for bilateral ventricular cannulas (No. 18 spinal needles) placed 7 mm posterior to the bregma and 4 mm to each side of the midline. The continuous infusion method was utilized to identify penetration into the ventricle. A 7-mm diameter craniectomy was placed in the right parieto-occipital area to receive an epidural balloon constructed by covering the end of a plastic connector with a finger cot. The balloon lay flush against the exposed dura. The entire assembly was encased and held to the skull with dental acrylic.
Left ventricular pressure and BP were recorded by calibrated pressure transducers, t Drift was less than 1 mm Hg during the experiment for each trarisducer. The BP was referred to the level of the midthoracic line and the ventricular pressure to the level of the external auditory canals. A stopcock interposed between the ventricular cannula and transducer was used for injection of Ringer's lactate solution into the ventricle. The right ventricular cannula was connected to a variable-speed injection pump for continuous infusions.:]: All connecting tubing was of high-pressure type to minimize loss of recorded waveform.
The resting ventricular pressure was recorded and the animal discarded if the pressure was over l0 mm Hg. Thereafter, ICP was elevated by injecting 0.2 ml of Ringer's lactate solution into the balloon, and allowed to come to equilibrium, at which time a 4-minute recording was obtained for analysis. The balloon was deflated, following which the ventricles were slowly infused with Ringer's lactate solution to bring the ICP to the same equilibrium level as during the EBI, thus eliminating the level of ICP as a variable between the various test methods. Again, 4 minutes of recording were obtained. At the end of each 4-minute recording, 0.2 ml of Ringer's lactate solution was injected into the left ventricular cannula for determination of the VPR and elastance coefficient (El) (see Theory, below). The same sequence was repeated using 0.4, 0.6, 0.8, and 1.0 ml of solution injected into the balloon followed by an appropriate infusion into the ventricle so as to produce the same equilibrium level of ICP as during the EBI. (These infusions are designated 0.2, 0.4, 0.6, and 0.8, corresponding to the same equilibrium level of ICP produced by 0.2, 0.4, 0.6, and 0.8 ml of EBi, respectively). Except in one animal, 1 ml EBI resulted in pupillary dilation, and no further studies were carried out. In one cat, pupiUary dilatation occurred at 1.2 ml. On completion of the experiment, the ventricular cannulas were injected with ~Harvard stepper pump, special product 2445, manufactured by Harvard Apparatus Co., Millis, Massachusetts. The left ventricular and BP waveforms were displayed on a monitor,w and recorded on frequency modulation (FM) analog tapell at 17/8 in./sec, and on a dual strip chart recorder.* Spectral analysis of the recorded waveforms was performed utilizing a Hewlett-Packard spectrum analyzer,t and coherence (COH) and transfer functions (XFR) were calculated (see Theory, below). Spectra were obtained between 0.96 and 20.96 Hz; thus, respiratory frequency contributions were not included. Analysis bandwidth was 120 mHz and a Hanning passband filter was employed. Frequency response of the entire system was flat to 8 Hz, with the resonant frequency at 25 Hz.
For the calculation of the elastance coefficient (E 0 by the technique described by Marmarou, et al., 13 ,~" and Sullivan, et al., ~5 baseline (Po) and peak CSF pressures (PD were determined. Pp was taken as the first clearly definable diastolic CSF pressure after ventricular loading. Po was taken as the CSF pressure immediately prior to ventricular loading during the same phase of the respiratory cycle as Pp.
Theory

Volume-Pressure Test
The pressure response, Pp, of the craniospinal system to a volume injection can be approximated by an exponential equation, al 14.22
which defines a volume-pressure curve. Po is the intraventricular pressure at the baseline volume, Vo, Vp is w 414 portable patient monitor manufactured by Tektronix Inc., Beaverton, Oregon.
I[ Sabre IV 4900 magnetic tape recorder manufactured by Sangamo Electric Co., Springfield, Illinois.
*Clevite Brush Mark 220 recorder manufactured by Clevite Corp., Brush Instrument Division, Cleveland, Ohio.
triP 3582A spectrum analyzer manufactured by Hewlett Packard Corp., Palo Alto, California.
M. C h o p p a n d H. D. P o r t n o y the volume of the system following a fluid volume injection, Pp is the peak pressure achieved by the system "immediately" following the injection of fluid, and E1 is the elastance coefficient which defines the shape of the curve and characterizes the system. As Marmarou, et al., ~s'14 pointed out, this expression is considered valid under the following two assumptions: 1) The system is closed so that the volume added is equal to the increase of volume of the system. An experimental approximation to a closed system would, therefore, be that the rate of volume inflow must greatly exceed that of outflow.
2) The magnitude of the test volume and the rate of injection of the test volume do not cause vasodilatation or alter the system so as to change the equilibrium pressure. With these assumptions satisfied, the system can be described by the volume-pressure curve. The slope of this curve at each pressure P, is the elastance, E: dP E -(2) dV Application of Equation 1 yields:
CSF-Pulse A m p l i t u d e A n a l y s i s
Avezaat 
This equation implies that Ap will increase linearly with ICP if E1 and AV are constant.
Spectral A n a l y s i s
An unknown system may be characterized by how it reacts to a known input signal. An example is the simple situation depicted in Fig. 1 . If a pure sine wave is introduced in the system (input), the output may be identical (Output A) or changed (Output B). The change may be that of frequency, amplitude, or phase. Using the same input, if the output of the unknown system does not change over time then it may be inferred that the system does not change. Conversely, if the output does change with time (that is, changing from Output A to Output B, or vice versa) then it may be inferred that there has been an alteration in the system.
5]8
Systems analysis of i n t r a e r a n i a l pressure The input and output functions may be complex waveforms instead of pure sine waves. Under these circumstances, it is expedient to decompose each of the complex waveforms into its harmonic components before analysis. This decomposition of a periodic function can be represented by a Fourier series expansion (see Appendix).
If the system is linear and devoid of contaminating noise, or if there is only one input function, then the output signal can be attributed to the input signal and will have a high cross-correlation. A measure of this cross-correlation is the coherence function (COH) (see Appendix). If COH = 1, then the output signal is fully attributable to the input signal. The description of how a linear system processes the input signal into an output signal is given by the transfer function (XFR) of the system. If the system is subjected, as in Fig. 1 , to a sinusoidal input with a given frequency and produces an output that is also sinusoidal and of the same frequency, then the ratio of the output amplitude of the wave to the input amplitude is the magnitude of the XFR at that frequency. The delay between the input and output waves is the XFR phase for the system at the test frequency. For example, if the input and output signals are of the same magnitude and phase, then the XFR = 1 and XFR phase = 0.
In the craniospinal system under consideration, the arterial pulse wave is used as the input and the ICP pulse wave as the output. Variations in the arterial waveform are normalized by using the XFR between the arterial and ICP waveforms.
Results
Volume-Pressure Test
In all nine animals, the plot of Pp versus Po was found to be linear up to approximately an ICP of 30 mm Hg. The slopes of the curves for EBI (y = 2.25x) and IVI (y = 2.18x) were nearly identical (Fig. 2) . The regression equation was taken through the origin to be consistent with Equation 1. The significance level for the slopes of EBI and IVI being different was 0.29. Above 30 mm Hg, the data points are more scattered, but the slopes of both curves level off and are similar (EBI, y = 1.01X + 26.3; IVI, y = 0.81x + 36). The significance level for the slopes of EBI and IVI being different was 0.4. Since the slopes of the curves for EBI and IVI are nearly identical, E1 will likewise be statistically similar. Since E is dependent on E1 and the ICP (Equation 3), it is obvious that E will likewise be the same for EBI and IVI.
Regardless of the parameters chosen, EBI and IVI could not be distinguished utilizing the VPT.
CSF-Pulse Amplitude Analysis
The magnitude of AP for the various levels of ICP during EBI and IVI was nearly the same until approximately 30 mm Hg was reached, at which level Ap during EBI increased more rapidly than during IVI. This was most evident at 0.8 ml EBI and corresponding IVI. The exact level of ICP at which Ap for EBI and IVI diverged could not be determined because only four data points were obtained for each animal under each experimental condition (EBI or IVI). Thus, EBI could be distinguished from IVI at the higher levels of ICP. Examples for three representative animals are presented in Fig. 3 . The figure also compares AP to VPT and demonstrates that while VPT cannot distinguish between EBI and IVI, Ap can make this distinction when the ICP exceeds approximately 30 mm Hg.
Spectral Analysis
Because of technical recording difficulties, satisfactory spectral analysis data could not be obtained in all animals for the entire series of infusions and balloon inflations. Satisfactory data were obtained as follows: resting pressure, nine cats; 0.2, seven cats; 0.4, five cats; 0.6, six cats; and 0.8, eight cats.
The complex BP and ICP pulse waveforms were found to be composed of a fundamental and several harmonic frequencies, as illustrated in Fig. 4 for a typical animal. The frequency components were consistently the same for BP and ICP, and the coherence was approximately unity for the fundamental frequen- cy and varied between 0.8 and 1.0 for the higher harmonics, thus firmly establishing that the ICP pulse is derived from the BP pulse.
In all animals, EBI could be distinguished from IVI at the various levels of ICP by referring to all aspects of the full XFR amplitude spectrum (Fig. 5) . The greatest contribution to the waveform comes from the fundamental frequency component. When the ICP was below approximately 30 mm Hg, the XFR amplitude for the fundamental frequency was similar for both EBI and IVI, but when ICP was above this level, the amplitude diverged. In Fig. 3 right graphs is plotted the XFR amplitude for the fundamental fiequency versus mean ICP for the same representative animals as for Ap versus ICP. Note the striking similarity between Ap and XFR amplitude.
The total variations in the fundamental and harmonic frequency XFR amplitudes basically reflect variations in waveform (Figs. 4 and 5) . As would be expected, direct inspection of the waveforms at various levels of ICP revealed differences in configuration. Below approximately 30 mm Hg for EBI and at all levels of ICP for IVI, the waveform tended to be flat or only slightly rounded after the initial upward inflection of the pulse. For the higher levels of ICP produced by EBI there was a definite peaking of the wave easily distinguishable from the IVI counterpart (Fig. 4) .
Discussion
In this study, a systems analysis approach to ICP monitoring has been undertaken to determine if the method can be used to evaluate the status of the intracranial contents under varying degrees of intracranial hypertension due to different causes, and to compare the systems analysis approach with other methods presently used, such as VPT and CSFPAA. Whatever the method utilized, to be of value it should be able to distinguish at the same level of ICP between two such varied causes of intracranial hypertension as an expanding epidural mass (EBI) and a diffuse increase in ICP (IVI).
Volume-Pressure Test
This study suggests that the VPT cannot differentiate between EBI and IVI hypertension. Regardless of the source of the intracranial hypertension (EBI or IVI), there was a linear increase in the VPR up to approximately 30 mm Hg, and above this breakpoint the linear increase diminished as a result of a decreasing E~. With increasing "tightness" of the intracranial contents, an increase in El, not a decrease in El, would be expected. This decrease in VPR has been noted by others3 ,a2 Avezaat, et al., 2 discussed this phenomenon and attributed it to some extent to experimental error; but, also as noted below, primarily to a reduction in cerebral blood flow (CBF) above the breakpoint which in their experiments in dogs was approximately at an ICP of 60 mm Hg. These authors clearly demonstrated that, particularly at higher ICP, the peak response of the VPR might be lost during the time it takes to turn the stopcock through which the test volume is injected and from which the ICP is recorded. Recordings made from the lateral ventricle opposite the ventricle injected were able to demonstrate this peak response. In addition, the peak response of the VPR, as defined in the experiment, is not an instantaneous measurement but rather a single pressure value on a pressure-time decay curve. In a rigid container, injection of a volume of fluid results in an almost infinite rise in pressure. When fluid is injected into the cranial cavity, a finite rise in pressure occurs only because the cavity is compensating for the injected volume by ejecting either blood or CSF. Therefore, it is critical to account for the time required for fluid injection and for compensating mechanisms. We have also recognized this problem in our own experiments, and suspect that in the clinical use of the VPT a similar loss of signal occurs which could invalidate the data obtained.
More importantly, Avezaat, et al.,2 noted that even if the above experimental error is taken into account, above the breakpoint the exponential volume-pressure curve becomes a more linear function with a slope equal to the elastance at that point. Thus, the exponential volume-pressure model upon which the VPT is based is restricted to the range below the breakpoint. In Avezaat's study, this was 60 mm Hg; in this study, 30 mm Hg; and in the study of L6fgren and Zwetnow ~ using a rapid infusion technique, 20 mm Hg. Avezaat, et al., ~ believed that the change at the breakpoint is a result of a decrease in CBF. Certainly in this study, particularly during IVI, it is highly unlikely that CBF is significantly reduced at an ICP of only 30 to 40 mm Hg when the mean BP is approximately 120 mm Hg (Fig. 4) . We believe the breakpoint in the VPR occurs as a result of cerebral vasodilatation, which is known to take place with increasing iCP.6.s lo The rapid compensatory mechanism to fluid injection is primarily the ejection of venous blood. This will occur more rapidly the larger the volume there is to eject. With vasodilatation, a larger venous volume becomes available to be ejected in compensation for the test volume, and E~ will decrease. Shapiro, et al., 2a have demonstrated that the pressure-volume index (PVI) (which is inversely related to E~, as PVI = In 10/El) is directly related to the height and weight of a patient. It is reasonable to assume that with increasing patient size there will be an increasing cerebral venous volume. Thus, EI appears to be inversely related to cerebral venous volume.
The clinical success of the VPT in patients with increased ICP appears negligible. Miller, et al.? ~ found that in 34 patients with head injury in which the VPT was assessed twice daily, only two patients had an abnormal VPR. They noted that, in some patients with an ICP approaching arterial pressure, the VPR was only 1 to 2 mm Hg, thus confirming clinically the experimental data presented in this study and by Avezaat, et al. 2 In their two cases in which VPR was positive, hematomas were found. It is possible that the hematomas were obstructing venous outflow, thereby preventing the rapid compensatory outflow of venous blood following fluid injection. Considering the potential hazards of the test, including infection and provocation of pressure waves, we question whether this test should be advocated for the evaluation of a patient with intracranial hypertension.
CSF-Pulse A mplitude Analysis
This study and those of Avezaat, et al., 2 and Szewczykowski, et a1.,28 suggest that CSFPAA should be of greater value than VPT. Whereas this test was unable to significantly distinguish between an EBI and IVI below 30 mm Hg, the distinction became progressively clearer with increasing ICP. Miller, et al., TM noted that in those patients with high ICP approaching the level of arterial pressure, the ICP wave showed a very large pulse pressure suggesting that Ap correlates better with the condition of the patient than VPT.
In the study of Avezaat, et al.,2 a linear increase in ~P with increasing ICP was found up to a breakpoint of approximately 60 mm Hg, above which the amplitude increased more rapidly. In their study, VPR and Ap changed in opposite directions at the breakpoint. If the relationship between AP and ICP were, in fact, described by Equations 1-5, it would be expected that the change in VPR and AP above the breakpoint would be similar. Avezaat attributed the fact that the slope of AP increased rather than decreased to an increase in /xV. We believe that the equations for VPT are not applicable to CSFPAA, which is a measure of another parameter. In order for Equations 1-5 to be applicable to CSFPAA, AV must be a fixed input volume, and the pressure response must occur within a time interval during which the system is not compensating. These criteria are not satisfied for a pulsatile blood-flow input. Unlike the injected volume during VPT, the change in cerebral blood volume (CBV) with each cardiac cycle is not uniform with time. It depends on the relative amounts of blood inflowing on the arterial side and outflowing on the venous side, and the temporal relationship between inflow and outflow. Thus, AV is a timedependent function, and volume compensation is continuously occurring. In the laboratory as well as clinically, variations in waveform are frequently noted which reflect these changes (Figs. 4 and 7) .
In this study, the close correlation for EBI and IVI between the amplitude of the XFR of the fundamental frequency and Ap is expected. If the BP is kept relatively constant (a requisite in the study of Avezaat), the XFR of the fundamental frequency component will be proportional to the amplitude of the fundamental frequency since the latter is significantly larger than the amplitudes of the harmonics. Thus, the amplitude of the XFR of the fundamental frequency will be proportional to AP. Change in Ap is thus dependent on the status of the intracranial system effecting the transfer from BP to CSF pulse. Hence, CSFPAA is a partial systems analysis of the intracranial system under study, and not simply related as previously described to the VPT. 2,2~ However, whether it be in animal or patient, the CSFPAA fails to exploit the full potential of the technique of systems analysis.
Systems Analysis
The object of the present study was to determine if the technique of systems analysis could be applied to the problem of intracranial hypertension. By this
FIG. 4 (continued).
FIG. 6. Example of a "normal" intracranial pressure (ICP) pulse waveform in a 23-year-old man, the victim of an auto accident, Glasgow Coma Scale 4. The ICP waveform appears as a small blood pressure (BP) wave. There was no increase in ICP over 4 days of monitoring. The computerized tomography scans remained normal during hospitalization. Present neurological status is normal.
Fie. 5. Example of transfer function (XFR) and amplitude spectrum at resting pressure and at 0.2, 0.4, 0.6, and 0.8 ml epidural balloon inflation (EBI) and the corresponding intraventricular infusion (IVI) at the same intracranial pressure in Cat C-ICP-12.
technique, we were able to distinguish between intracranial hypertension generated by EBI and IVI, particularly above 30 mm Hg. From a practical standpoint, what is the significance of systems analysis in the care of patients with intracranial hypertension, particularly with head injury? Enough experience with C S F P A A has been obtained ~6 to indicate that measuring the amplitude of the XFR of the fundamental frequency alone, although it is possibly more accurate, is not going to alter patient care significantly. To date, improvement in mortality and morbidity has been related to increasing use of ICP monitoring, development of computerized tomography, and development of therapeutic regimens for lowering ICP, 4,zl not to the use of VPT or CSFPAA. Using the amplitude of the XFR between BP and ICP may be a technical improvement, as demonstrated in this paper, but being able to differentiate between two grossly different intracranial states when they are known to exist is a long way from determining in a patient whether in the next few hours ICP will stabilize or go on to malignant intracranial hypertension. However, insight into cerebrovascular autoregulation or lack of autoregulation may be of value, This information may be gleaned from a more complete analysis of the ICP waveform as suggested by alterations in the waveforms analyzed visually.
Waveforms obtained at resting pressure are depicted in Fig. 4 . After the initial upward inflection, the wave descends gradually or remains level and then descends back to the baseline. This is in contrast to the abnormal states of increased ICP, in which there is a progressive increase in amplitude, rounding and then peaking of the waveform after the initial upward inflection, the changes being greater with EBI than IVI. This increase in amplitude rounding and peaking of the waveform has been seen under conditions of hypercarbia and hypoxia (unpublished data), both of which cause cerebral vasodilatation. Avezaat, et al., 3 have noted that hypercarbia and systemic arterial hypotension, another cause of arteriolar vasodilatation, produce an increase in Ap whereas hypertension produces a decrease in /xp. This suggests that the change in waveform may be related to vasodilatation and possibly dysautoregulation.
Enhanced X F R between the BP and ICP implies a more efficient transfer of the arterial pulse to the surrounding brain. Under normal conditions, the arterioles attenuate the pulsation so that only a small portion of the pulsation is transmitted into the compliant capillaries and veins. The effect is to contain the pulse. As ICP increases, there is a concomitant cerebral vasodilatation, a,~7 which decreases the ability of the arterioles to attenuate the pulse. This results in an increased transmission of the pulse to the compliance vessels, with enhancement of the transmural pulse pressure. With vasodilation, one would expect the peak pulse pressure to increase and occur later in the cardiac cycle. This study thus suggests that EBI is more likely to result in dysautoregulation than IVI at the same ICP, a fact inherent in the study of Hekmatpanah, 7 which demonstrated that EBI results in progressive cerebral ischemia. S y s t e m s a n a l y s i s of i n t r a e r a n i a l p r e s s u r e FIG. 7. Example of abnormal changes in intracranial pressure (ICP) pulse waveform in a 28-year-old man, the victim of a motorcycle accident, Glasgow Coma Scale 6. Admission computerized tomography (CT) scan demonstrated a few flecks of blood in the right frontal lobe without evidence of brain swelling. On Day 1, the ICP pulse wave tends to be slightly flattened after an initial upward inflection. On the evening of Day 2, ICP is normal, but the waveform starts to peak, and a CT scan was ordered for the morning. During the night, ICP gradually increased and the waveform vacillated between peaked" and flattened waveforms. Just before a repeat CT scan was obtained, on Day 3, ICP rose above 20 mm Hg. The CT scan revealed right frontal intracerebral hematoma. The hematoma was evacuated, but the ICP remained elevated, with continued rounding of the waveform. A C T scan revealed right frontal swelling. The patient was treated with mannitol, furosemide, and pentobarbital. The ICP waveform began to show reversal on Day 14, and ICP returned to normal by Day 18 with normal waveform. Present neurological status is normal except for deafness.
Because of the changes noted in the laboratory, we have also looked at the changes in ICP waveform in patients being monitored for various problems, such as head injury, subarachnoid hemorrhage, and tumor. Preliminary observations reveal similar changes to those noted in the laboratory. In patients who do not develop intracranial hypertension, the CSF pulse wave suggests a small BP wave (Fig. 6) , while the waves associated with increased ICP show a rounding of the waveform after the initial upward inflection (Fig. 7) . It is of interest to note that this same rounding of the waveform appears in a 1955 article by Bering, ~ in which recordings of the intraventricular CSF pulse were obtained from a hydrocephalic child with intracranial hypertension.
It is obvious that a more in-depth system analysis study of waveforms is necessary, but the method suggests promise and does not require manipulation of intracranial dynamics.
APPENDIX
Consider the single-input linear system with noise added to the output signal shown in Fig. 1. x(t) is the input function. It represents a quantity that varies with time. The input function may be decomposed or analyzed into its harmonic components. If T is the basic repetition period, 2~r/T ~ w is the fundamental frequency of the system expressed as radians per unit time.
The statement that a periodic function x(t) can be analyzed into component frequencies can be represented mathematically by a Fourier series expansion: cO x(t) = ao +Z n = l {anCOS nwt + bnSIN n~0tl,
where an and bn represent unknown amplitudes,
where 9 means an integration over any full period of x(t).
For an arbitrary function x(t), the Fourier integral describes the spectral decomposition:
x(t) 1 j~x(o~)e JWtdw, (A5) 2r -co (30 where x(w) = ~.f x(t)e-JCotdt, is the Fourier Transform of x(t). For a linear system, the output signal y(t) from an input sine wave is also a sine wave with an amplitude proportional to the amplitude of the input signal. When the input signal is not sinusoidal, it may be synthesized by means of the Fourier Transform. At each frequency, the transfer function of this system H(w) has a value that when multiplied by X(w) gives the output component Y(co): Y(w) = H(w) ~ X(w).
In general, the transfer function is a comp!ex function,
H(w) = A(w)eJO(w),i
where A(w) represents the amplitude and O(w) represents the phase of the transfer function. A system introduces both amplitude and phase changes to an input signal 9 The output signal Y(t) generated by the system is given by the equation: 1 (co Y(t) =~r ~o H(~) X(w)eJWtdo2.
(A8)
Coherence Function
The formal definition of the coherence function is given in terms of the auto-power spectrum and the cross-power spectrum. The auto-power spectrum = Gxx(f) = X(~o) 9 X*(~0) is the Fourier Transform multipled by its complex conjugate. The term "power" spectrum comes from an electrical analogy. If x(t) is a voltage across a 1-ohm resistor, the power dissipated is, therefore, X~(t). The auto-power spectrum has no imaginary terms.
The cross-power spectrum = Gy~ = Y(w) 9 X*(w) is a power spectrum that reveals the relation between two signals.
These The coherence function is similar to a cross-correlation function in the frequency domain, lfthe system is linear and has no contaminating noise, or if there is only one input function then the coherence value is unity at every frequency. The coherence function may be interpreted as the fraction of the output power attributable to the input signal. 3'2 is thus a measure of causality between output and input signals.
